We present coarse-grained molecular dynamics simulations of poly͑ethylene-alt-propylene͒ ͑PEP͒ melts, ranging in chain length from about N e ͑the entanglement length͒ to N =6N e . The coarse-grained parameters, potential of mean force and bare friction, were determined from fully atomistic molecular dynamics simulations carried out on a PEP cell containing 12 chains of 80 monomers each and subjected to periodic boundary conditions. These atomistic simulations were previously validated by means of extensive neutron scattering measurements. Uncrossability constrains were also introduced in the coarse-grained model to prevent unphysical bond crossing. The coarse-grained simulations were carried out at 492 K and focus on chain dynamics. The results obtained were analyzed in terms of Rouse coordinates and Rouse correlators. We observe deviations from Rouse behavior for all chain lengths investigated, even when the chain stiffness is incorporated in the Rouse model. These deviations become more important as the chain length increases. The general scenario emerging from the results obtained is that the deviations from Rouse-like behavior are due to correlations among the forces acting upon a chain bead, which seem to be related with the constraint of uncrossability among the chains. As consequence, nonexponentiality of the Rouse correlators and mode-and time-dependent friction are observed. It seems that, in the molecular weight explored, these effects still give not raise to reptation behavior but to a crossover regime between Rouse and reptation. On the other hand, the results obtained are in qualitative agreement with those expected from the so-called generalized Rouse models, based on memory function formalisms.
I. INTRODUCTION
The combination of atomistic molecular dynamics ͑MD͒ simulations with neutron scattering experiments provides a very useful tool for investigating the structure and dynamics of polymer melts at local and intermolecular scales, i.e., where these systems display universal features of glassforming liquids ͑see Refs. 1-4 as recent representative references͒. At larger scales, polymers reveal unique dynamic processes, which are controlled by chain connectivity and molecular weight. These processes ultimately determine the rheological properties of polymer melts.
Due to both, the size of the macromolecular coils and the large relaxation times involved, conventional atomistic MD simulations of large-scale dynamics of long chain polymers are practically impossible with current day computer capabilities. Such simulations have been performed only for medium length chains where large-scale dynamics and rheological properties seem to be well described in terms of the simple Rouse model. [5] [6] [7] [8] [9] In order to simulate dynamical and rheological behavior of long chains, one has to resort to coarse-grained models. Many different coarse-grained models have been reported in the literature, 10 being perhaps the most popular one that of bead-spring type, where the polymer chain is represented as a sequence of beads connected by springs. [11] [12] [13] [14] Moreover, over the past years, many works have also considered different mapping procedures trying to bridge the gap between atomistic and coarse-grained descriptions of polymer melts ͑see e.g., Refs. 15-20͒. In these works several atoms or chemically identifiable groups are lumped together into one coarse particle. A model is then assumed to describe the interactions of the coarse-grained chains and the parameters in this model are adjusted until the coarse structure of the system is the same in both models, i.e., in the atomistic and the coarse model. Fitting is usually done by the iterated Boltzmann inversion. 15 For static and thermodynamic properties this method works well. 21 Since the coarse model is much smoother than the original atomistic model, its dynamics is usually much faster than that of the original model. This is advantageous in case one is only interested in static and thermodynamic properties, but a disadvantage in case one wants to study dynamic properties. In the latter case it is often sufficient to simply scale the unit of time in order to obtain the correct diffusion coefficient. 21, 22 A nice aspect of the method is that it takes into account the chemical nature of the polymer.
The method of coarse-graining just described works well as long as the number of atoms lumped together in one coarse particle is not too large, and the coarse potential is sufficiently repulsive at short distances to prevent bond crossings. As soon as larger numbers of atoms are taken together to define one coarse particle two aspects must be taken into account, as emphasized in the work of Briels et al. [23] [24] [25] First, a simple rescaling of the unit of time will not be sufficient to obtain correct dynamical properties. In general it will be necessary to introduce friction forces and corresponding random forces. 23 Second, the coarse potentials will be very soft and in particular will not be able to prevent bond crossings. In order to make sure that indeed bonds do not cross special measures must be taken. In the dissipative particle dynamics ͑DPD͒ method ͑Ref. 26͒ this is done by artificially making the coarse potentials sufficiently repulsive to make bond crossings improbable, although not completely impossible. A disadvantage of this method is that it introduces long range correlations, which are unrealistic by themselves, but also make the dynamics untrustworthy. Moreover only the slightest probability for bonds to cross will severely affect the long time dynamics of the chains. Recently Padding and Briels 24, 25 have developed a model, including friction and random forces, but also preventing bond crossings without introducing the above mentioned negative side effects. In this model, the so-called "entanglement" points are introduced every time when a bond crossing is imminent. The potential energy in the two partaking bonds is taken to depend on the corresponding path lengths. Path length is defined as the length of the path going from one coarse particle via the entanglement point to its partner in the bond. The positions of the entanglement points are updated such that the energies in the bonds are minimal, which amounts to ensuring force equilibrium at the entanglement points. The positions of the coarse particles, also called blobs in this model, are updated according to Langevin dynamics. Just like in the cases mentioned above, the parameters in the model are adjusted until the coarse structure is the same in the coarse model and in the underlying atomistic model ͑see below͒. In particular this means that also in this model the chemical nature of the polymer is taken into account.
In this work, we apply this type of bottom up approach to construct a coarse-grained model of poly͑ethylene-altpropylene͒ ͑PEP͒ melts starting from fully atomistic simulations properly validated by extensive neutron scattering measurements. The molecular weight of the atomistic simulated chains was M w = 5600 g / mol ͑80 monomers͒. By means of the above described method, we extended the coarse-grained simulation to systems with different molecular weights until M w = 21 000 g / mol, well above the entanglement mass of PEP ͓M e ͑492 K͒Ӎ3360 g / mol Ref. 27͔ . The results obtained from the coarse-grained simulations are analyzed in terms of Rouse coordinates and Rouse correlators. This paper is organized as follows. In Sec. II we describe the simulation methods, including the fully atomistic MD simulations and the coarse-grained model ͑technical details and construction of the force field͒. The simulated systems are described in Sec. III. Section IV gives the results analyzed in terms of the Rouse model. Finally, we present the discussion in Sec. V and the summary and conclusions in Sec. VI.
II. SIMULATION METHODS

A. Fully atomistic molecular dynamics simulations
The fully atomistic MD simulations were carried out by using the DISCOVER module from Accelrys with the condensed-phase optimized molecular potentials for atomistic simulation studies (COMPASS) force field. The COMPASS force field has been parametrized and validated using condensed-phase properties in addition to various ab initio and empirical data for molecules. Therefore, this force field enables accurate and simultaneous prediction of structural, conformational, vibrational, and thermophysical properties that exist for a broad range of isolated molecules and in condensed phases, and under a wide range of conditions of temperature and pressure. [28] [29] [30] [31] [32] [33] [34] The model cubic cell was built by means of the Amorphous Cell Protocol, originally proposed by Theodorou and Suter. 35 We started from 12 different well equilibrated chains of 80 monomers each ͑14 424 atoms in total͒ and we constructed a cubic cell with periodic boundary conditions at 413 K and an initial density set to 0.79 g / cm 3 , which is the experimental value at that temperature 27 ͑Table I͒. Standard minimization procedures ͑Polak-Ribière conjugate gradients method͒ were applied to the constructed cell in order to minimize the so-obtained energy structure. Furthermore, a NVT dynamics ͑constant number of atoms, volume, and temperature͒ of 1 ns was run to equilibrate the amorphous cell at 413 K. The equilibrium density of the cell was achieved by running NPT dynamics ͑constant number of atoms, pressure, and temperature in the cell͒ at fixed atmospheric pressure ͑P = 0.0001 GPa͒. After three runs of 1 ns we reached a density of 0.7948 g / cm 3 ͑close to the experimental value͒ that leads to a cell dimension of 5.2014 nm of side. Once the equilibrium density was obtained, the production simulation runs were carried out in the NVT ensemble at 413 K. As integration method, we have used the velocity-Verlet algorithm with a time step of 1 fs. For temperature control instead of a real temperature-bath coupling ͑i.e., Nosé-Hoover thermostat͒ we have followed a velocity scaling procedure but with a wide temperature window of 10 K, where greater temperature fluctuations are allowed but the trajectory is disturbed less. In fact, we have checked in a similar polymeric system that by following this simple procedure we obtain similar results to those obtained with a NVE ensemble ͑con- After the 413 K simulations, the cell was used to generate corresponding cells at other temperatures, namely, 492, 350, and 300 K. In order to do this, NPT simulation runs of some nanoseconds ͑depending on the temperature͒ were used to readapt the system to each new temperature, allowing the size of the system to rearrange itself in order to accommodate to the new density at each temperature. In this way, we got the values displayed in Table I for the cell sizes and densities. Subsequent NVT runs of 1 ns were performed for equilibration at each temperature before collecting data for analysis, in the same way as above described for 413 K.
The results from these fully atomistic simulations have been carefully validated by comparison with experimental results from neutron scattering in the similar dynamic range on PEP samples. The static and dynamic structure factors both coherent and incoherent were calculated from the atomic trajectories obtained during the simulation runs, and directly compared with neutron scattering measurements carried out on both protonated and deuterated PEP samples, in particular, diffraction with polarization analysis and neutron spin echo measurements. A good agreement was found. The results from this comparison are beyond the aim of this paper and are reported elsewhere. 36 Although in this paper we will only focus on the results corresponding to the high temperature 492 K, Fig. 1 shows as an example the mean square displacement ͗r 2 ͑t͒͘ of hydrogen atoms at different temperatures. At 492 K and for times longer than about 2 ps, ͗r 2 ͑t͒͘ ϳ t
, which is the expected behavior for Rouse-like dynamics. Moreover, the figure shows that, at this temperature, there is an almost direct crossover from the microscopic regime towards the Rouse-like behavior. Only at lower temperatures a decaging range ͑␣-relaxation͒ becomes evident before the ͗r 2 ͑t͒͘ ϳ t 0.5 regime.
B. Coarse-grained simulations
The details of a polymer are not important in the study of the large scale dynamics, thus we can described the polymer chain in terms of groups of monomers, from now called blobs. The position R of each blob is defined as the center of mass position of the monomers, which together constitute the blob,
where r i is the position, m i is the mass of monomer i, and M is the total mass of the blob. The value of may be chosen arbitrarily because the interaction model is not fixed a priori, but derived without any adjustable parameters from atomistic simulations of the sample. However clearly, the number of monomers per blob is not completely arbitrary. It should not be so large that the size of the blob exceeds the typical diameter of the tube in the reptation picture. On the other hand, it must be as large as possible to allow for a large integration step and furthermore, it must be large enough to be able to treat the complementary 3͑ −1͒ coordinates per blob of the microscopic constituents as bath variables, i.e., to take their effects into account through friction and random forces, which perturb the time evolution of the blob positions. If the random forces decorrelate much faster than the blob momenta, they may be represented by delta functions ͑Markov approximation͒ and the equations of motion are of the simplest Langevin type,
where is the potential of mean force of the blob system and is the blob friction coefficient. The friction on each blob is chosen to be isotropic and independent of the positions of the other blobs, in which case the friction is a scalar quantity. It is also related to the random force F R through the fluctuation dissipation theorem,
where k B is Boltzmann's constant and T is the temperature. The free energy , which is the potential of mean force, is defined as
Here P n is the n-blob distribution function, which is determined from the atomistic simulations of the microscopic system by averaging over the bath variables. The occurrence of in the Langevin equation guarantees that the blob distributions in the coarse-grained and microscopic systems are the same. In order to calculate the distribution function we have to assume that it can be factorized into independent nonbonded, bonded, and angular parts according to 
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where
and i is the angle between two consecutive bonds. Thus, the potential of mean force is approximated as a sum of nonbonded, bonded, and angular energies,
This supposition seems to be rather crude but it does not have a big impact on the long time dynamics of the simulated polymer, where the properties are dominated not so much by the details of the interactions but by the fact that chains cannot cross each other. An important consequence of averaging out the bath variables is that the resulting bonded and nonbonded interactions become softer and broaden their range. Consequently, unphysical bond crossing could be probable. For this reason, Padding and Briels developed an algorithm, called Twentanglement, that explicitly introduces the uncrossability constraint into this type of mesoscopic simulations in order to detect and prevent unphysical bond crossing. 24 This algorithm makes the bonds as slippery elastic bands between the bonded particles. As soon as two of these elastic bands make contact a so-called "entanglement" point X is created, and as the blobs continue to move, the entanglement point shifts, such that it will push both bonds back to their respective sides. This is accomplished by defining the attractive part of the potential att between bonded blobs i and i + 1 to be a function of the path length L i,i+1 of the bond, going from one blob ͑i͒ to the next ͑i +1͒ via the "intermediate entanglement,"
where c 3 and are fitting parameters. The entanglement position X is determined by the requirement that there is always an equilibrium of forces at the entanglement. In a sense, the original bonds are replaced by slippery elastic bands, which go via the entanglements. The finite extensibility of the bands prevents entangled chains from crossing each other. The expression for the path length given here is only valid in case of just one entanglement between two pairs of bonded blobs, but the algorithm allows for any number of entanglements between pairs of bonded blobs. To this end, the path length concept has been trivially modified. The replacement of blob distances by path lengths in the bonded part of the potential energy changes the structural properties of the model. However, the mesoscopic distribution functions obtained by this method are hardly different from the ones obtained from the microscopic simulation.
We have to emphasize that in this code "entanglements" are defined as the objects that prevent the crossing of chains and not in the usual sense of long-lasting obstacles, slowing down the chain movement. Thereby, we can expect "entanglement effects" of this type even in simulation of rather short chains.
C. Determining the potential of mean force
The potential of mean force ͓Eq. ͑4͔͒ was determined from the fully atomistic simulations at 492 K out of the spatial distribution of blobs. Following the considerations explained in the previous section, the level of coarse graining was chosen to be ten monomers as a blob, which is one-half of the reported entanglement length. 27 Thus, from the atomistic simulations ͑described in Sec. II A͒, we calculate the center of mass every ten monomers producing a system of 12 chains of eight blobs per chain. Now the relevant parameter is the center of mass of each blob, and the rest of the coordinates per blob are treated as bath variables. Thereby, we calculate the distribution functions of blobs and afterwards, by means of Eq. ͑4͒ we obtain the potential of mean force, which is finally fitted by analytical functions. The nonbonded interaction is described by a single repulsive Gaussian pair potential and the bonded interaction by a repulsive term, described by two Gaussians, and an attractive term, described by a power law. The angular potential was described as a function of the cosine of the angle between three blobs, nb ͑R͒ = c 0 e
Fitting the parameters c 0 to c 4 , b 0 to b 2 , , and ͑Table II͒ we construct the potential of mean force and we run mesoscopic simulations with the uncrossability algorithm above described in a cell of 100 chains of eight blobs ͑size-cell conditions explained below͒ with the same density and temperature of the microscopic system. Then, we calculate the distribution functions from those mesoscopic simulations and we compare them with the microscopic ones. We slightly change the parameters of the potentials and repeat the simulations until we reach an overlapping between both distribution functions ͑Fig. 2͒.
D. Determining the bare friction coefficient
So far, we have fixed the potential of mean force and we can describe the dynamics of blob chains in terms of the Langevin equation ͓Eq. ͑2͔͒. Nevertheless, only the structural properties are matched and the system has been coarse grained to a much higher level. Thus, the interactions have become very soft and we have to adjust the blob friction coefficient in order to obtain correct dynamic properties. As a consequence, besides acting as a thermostat, the friction coefficient has acquired the meaning of a "physical" friction. In this work, the blob friction coefficient was chosen such that the mean square displacement of the center of mass of the chains matched the long time behavior of that obtained from the atomistic simulations ͑Fig. 3͒. The value deduced for the friction frequency was / M = 36.0 ps −1 . Notice that this is the bare friction coefficient, which goes into the Langevin equation and is not necessarily related to the diffusion coefficient D of the chains by = k B T͑ND͒ −1 with N = 8 like it would have been for a melt of Rouse chains. Figure 3 shows that with this value of the friction frequency, the mesoscopic coarse-grained simulations are only realistic for times longer than about 3 ns.
III. SIMULATED SYSTEMS
Once everything is fixed in the coarse-grained model, we constructed the initial configurations with chains of 5, 8, 14, 20, and 30 blobs randomly distributed in the simulation boxes with the microscopic density ͑0.7447 g / cm 3 at 492 K, Table I͒ . The details of the simulated systems are given in Table III . The number of chains in each system was chosen such that the length of the simulation box was at least as long as the root mean square end-to-end distance of a polymer chain in order to avoid interactions of a chain with its periodic images. 24, 25, 37 From the initial configurations we obtained well equilibrated systems running 50 ns without the uncrossability algorithm. This run was long enough to relax the systems due to the softness of the interactions by allowing all bonds to cross each other. Afterwards another run of 50 ns with uncrossability conditions was done to reach an equilibrium value of the number of "entanglements" for all systems. From this point we started collecting data. In these simulations the integration of the Langevin equation ͓Eq. ͑2͔͒ was made using the algorithm of Allen, 38 and a time step of 0.5 ps was chosen, being small enough to accurately integrate the equations of motions. The entanglement mass of PEP at 492 K was estimated to be M e Ӎ 3360 g / mol from the experimental values published in Ref. 27 . As can be seen in Table III , the average mean square end-to-end distance and the average mean square radius of gyration of the longest chains approximately obey random walk statistics, i.e., ͗R ee 2 ͘ / ͗R g 2 ͘ =6.
IV. RESULTS
Nowadays it is generally accepted that in some time regimes, the dynamics of polymer melts of medium length chains can be well approximated by the simple Rouse model. 39, 40 It is thereby interesting to describe our results in terms of the so-called Rouse modes ͑normal coordinates͒ and Rouse correlations ͑autocorrelation functions of the Rouse modes͒. The Rouse modes are defined as
where N is the number of beads in the chain, p is the mode number ͑p =0,1,2,3, ... ,N −1͒, and R i is the position of bead i. The zeroth mode gives the position of the center of mass of the chain and the others are associated with internal motions of the chain with a "wavelength" of the order of N / p. Within the Rouse model, each of the modes ͑p Ͼ 0͒ relaxes independently and exponentially, 
where W is a characteristic frequency, the Rouse frequency, given by
b is the so-called statistical segment ͑the "size" of the bead͒ and is a constant friction coefficient. On the other hand, the amplitudes ͗X p 2 ͑0͒͘ are given by
͑16͒
It is noteworthy that since the Rouse model does not contain an inherent length scale, the parameters N and b 2 are somewhat arbitrary as long as the physical values of b 2 / and ͗R ee 2 ͘ are kept constant. Thereby it is easy to show from the above equations that b 2 / does not depend on the level of coarse graining of the chain.
From the blob trajectories obtained in the simulations, we have calculated the Rouse modes and the Rouse correlators. Figure 4 shows as an example the normalized Rouse correlators for the system B8.
In order to check the exponentiality of the Rouse correlators, we have fitted the correlation functions by means of the well-known stretched exponential function ͑Kohlrausch-Williams-Watts function͒,
where the relaxation time p KWW and the stretching parameter ␤ p -measuring the deviations from an exponential decaydepend on mode number p and, in principle, on chain length as well. The values of ␤ p obtained for all simulated systems are shown in Fig. 5͑a͒ as a function of the scaling variable N / p. Only for long wavelengths N / p ͑low p-values͒ the stretching parameter has values close to one, confirming an almost exponential behavior. For N / p Շ 10 ␤ p decreases, reaching a minimum value between N / p ϳ 2 and N / p ϳ 3 and then increases again. Although this trend is the same for all chain lengths, Fig. 5͑a͒ shows that the absolute values of ␤ p depend on N-at least for N Յ 14-being smaller as N increases. A similar behavior was found in the case of coarse-grained simulations of polyethylene melts by following the same methodology as here. 25 However, in that case the N-dependence of ␤ p was not so evident. Nonexponential relaxation of Rouse modes has also been reported for other systems and different simulation methods as well, for example, simulations of polymers on a lattice with uncrossability constraints, 41 atomistic MD simulations of polyethylene and polybutadiene ͑see e.g., Refs. 6 and 42͒, and more recently poly͑ethylene oxide͒. 8 These type of deviations have also been reported from theoretical treatments as well ͑see e.g., Refs. 43 and 44͒. Figure 5͑b͒ shows the relaxation times of the Rouse modes for all simulated systems and also as a function of N / p. As ␤ p changes for the different modes, we have represented the average relaxation times ͗ p ͘, which takes into account the shape of the relaxation function, and that for a stretched exponential is given by
where ⌫ is the Gamma function. First of all, it is noteworthy that, according to Fig. 3 , the coarse-grained simulations are not realistic at times shorter than about 3 ns. Therefore, values of ͗ p ͘ lower that this limit should not be taken into account. Figure 5͑b͒ shows that ͗ p ͘ϳ3 ns defines a corresponding N / p-value below which magnitudes other than ͗ p ͘, deduced by fitting the Rouse correlators, should not be considered either. Obviously, the limitation in time scale also translates to the other magnitudes deduced by fitting the Rouse correlators.
In the framework of the Rouse model ͓Eqs. ͑13͒ and ͑14͔͒ ͗ p ͘ values corresponding to different chains should TABLE III. Simulated systems ͑number of blobs per chain B?͒, number of chains n chain , length L of the simulation box, simulated time t, molecular weight of the chains, average mean square radius of gyration, average mean square end-to-end distance, and the ratio between both. Fig. 5͑d͒ shows the amplitudes of the Rouse correlators ͗X p 2 ͑0͒͘. Again we observe strong deviations from Rouse behavior ͓Eq. ͑16͔͒ in the low N / p region. In this range the amplitudes are massively suppressed indicating significantly stronger restoring forces than those originated from the entropic potential. We note that the N / p region where these deviations occur is approximately the same range of N / p where the deviations from Rouse behavior of both ͗ p ͘ and ␤ p are more severe.
V. DISCUSSION
In Sec. IV we have mentioned that the more or less constant values of the effective Rouse rate, W 0 eff , for the high N / p limit seem to depend on the chain length N. Although with high uncertainties, we have estimated such a dependence as W 0 eff ϳ N −0.4 ͑see Fig. 6͒ . A plateau in W eff depending on N is an ingredient of different models. For example, the original reptation theory predicts that the relaxation time of a Rouse mode p with N / p Ͼ N e , the entanglement length, is enhanced by a factor 3N / N e compared to the Rouse model. 39, 40 This implies that the plateau of W eff should decrease proportional to N −1 . If contour lengths fluctuations are included in the reptation theory, this dependence should be of the order of N −1.5 . However, in our case we found a clearly weaker dependence, which rules reptation behavior out.
The N-dependence found by us is closer to what was predicted by Schweizer 44 tion formalism. This equation involves a random force time correlation function matrix, which is responsible for an extra frictional contribution ͑relative to the standard Rouse description͒ which is both nonlocal in time and normal mode dependent. In this framework, the effective Rouse rate for the longest length scales ͑longest N / p values͒ of the order of the radius of gyration results to be constant but depends on N as ϳN −0.4 as in our results. For small and intermediate values of N / p the effective Rouse rate calculated by us shows a strong N / p-dependence ͓see Fig. 5͑c͔͒ , which cannot be explained in terms of the Rouse model. However, we have to take into account that, in the framework of the Rouse model, the Rouse frequency W and thereby the mode relaxation times depend on both the friction coefficient and the restoring forces determined by the square of the statistical segment length b 2 . According to Eq. ͑16͒, b 2 can be independently determined from the amplitudes of the Rouse modes shown in Fig. 5͑d͒ . The results obtained are shown in Fig. 7 . As expected for well equilibrated chains, the same values of b 2 are obtained for the different chain lengths, when they are represented against the scaling variable N / p. However, b 2 is not constant as for an ideal chain but depends on N / p. Our chains are not ideal, mainly because of the angular potential which gives them some stiffness. This stiffness will have the strongest effect on the smallest length scales. Figure 7 shows that indeed for N / p տ 7 a constant value of b 2 Ӎ 5.8 nm 2 is obtained. As can be deduced from the values included in Table III,  b 2 Ϸ͗R ee ͘ / N in particular for the high molecular weight chains where Gaussian statistics is better fulfilled. However, b͑ϳ2.4 nm͒ results to be higher than the "bond length"-average distance between blobs-of the system ͑ϳ1.33 nm͒.
The effect of chain stiffness on Rouse behavior can be addressed in terms of the so-called all rotational state ͑ARS͒ model. 45 This model assumes that the effective statistical segment depends on N / p through a N / p-dependence of the characteristic ratio C͑N / p͒, which only for the longest N / p limit takes a constant value C ϱ . This dependence leads to a stiffness of the chain for low values of N / p ͑local scales͒ and consequently the spring constant ͑3k B T / b 2 ͒ increases. This is just the qualitative behavior shown by b 2 in Fig. 7 . There- These results suggest to postulate a mode dependent friction as an additional mechanism. The values of a mode dependent friction coefficient for the different chain lengths can be calculated as
where W eff and b 2 depend on N / p ͓Figs. 5͑c͒ and 7͔. The results obtained are shown in Fig. 8͑a͒ . The effective friction coefficient so obtained strongly increases at low values of N / p reaching a constant plateau 0 , which clearly depends on N as it is shown in Fig. 9 ͑circles͒. Obviously, the N-dependence of 0 is similar to that found for W 0 eff because in the high N / p-range b 2 ϳ constant. A N-dependence for the friction coefficient calculated from both, the Rouse time ͑ 1 ͒ and the diffusion coefficient ͑i.e., at large scales N / p͒, in simulated polyethylene melts has also been reported ͑see the corresponding friction coefficient values as = k B T͑DN͒ −1 . They are also included in Fig. 9 for comparison. They show the same trend within the higher uncertainty involved in this calculation. However, a tendency to saturate at N → ϱ cannot be ruled out as in the case of the polyethylene results above mentioned.
Figure 8͑a͒ also shows for comparison the results obtained from simulations carried out without the uncrossability algorithm. As expected from the corresponding results of W eff described in Fig. 5͑c͒ , the friction coefficient in this case is almost constant indicating a Rouse-like behavior, which could be expected from the structure of the Langevin equation ͓Eq. ͑2͔͒. This almost constant value is rather close to that deduced from the bare friction frequency ͑ / M = 36.0 ps −1 ͒ imposed in the Langevin equation to match the time scale of the atomistic simulations ͑see Sec. II D͒. Taking into account the blob mass ͑0.7 kg/mol͒ we deduced a bare friction coefficient value of = 4.2ϫ 10 −23 kg ps −1 . On the other hand, in Fig. 8͑b͒ we have displayed the "lengthscale" dependence of the effective friction coefficient. The x-axis of this figure represents the length scale associated to the wavelength N / p and calculated as L = ͓Nb 2 / p͔ 1/2 . This length scale has been calculated by considering the b 2 ͑N / p͒ shown in Fig. 7 . The arrows also mark the values of the radius of gyration ͗R g ͘ of the different systems simulated ͑see Table III͒ and the minimum b-value ͑see Fig. 7͒ as well. Interestingly, the effective friction for a given chain length N is constant in both limits L ϳ b min and L տ ͗R g ͘ and strongly increases for intermediate length scales. Moreover, the values for L ϳ b min are for all chains rather similar to those obtained from the simulations without the uncrossability algorithm. Thereby it seems that the increase in the effective friction at larger length scales is mainly due to additional molecular ͑blob͒ interactions-other than those included in the potential of mean force. These interactions are accounted for in the model by means of the uncrossability algorithm. Although these effects are even present in the case of short chains, obviously they become more important as soon as the chain length increases ͑see Fig. 8͒ .
The length-scale regime where the effective friction increases is also the range where the Rouse correlators display strong nonexponentiality. The nonexponential behavior of the Rouse correlators is a consequence of time correlation among the forces acting upon a chain bead, 14 as is assumed in the memory function formalisms of the generalized Langevin equation and in particular in the renormalized Rouse model mentioned above. In this scenario, we should expect a time-dependent friction. We can have an idea about this time dependence by taking into account the representative time scale ͗ p ͘ corresponding to a wavelength N / p. The results so obtained are shown in Fig. 10 .
The effective friction coefficient increases dramatically with time at the intermediate time scales. This behavior can be approximated by a t ␥ -dependence where the ␥-values depend on N. If this "time dependence" also reflects the correlation between forces, both ␥ and the nonexponential parameter ␤-values should be related. Indeed this is the case as it is shown in Fig. 11 , where ␥-values are represented as a function of 1 − ␤ min , being ␤ min the minimum value of ␤ p corresponding to a given chain length N. Figure 11 shows that a ␥ Ӎ 1−␤ min correlation is rather well fulfilled.
It is worth to mention that the behavior obtained for the effective friction coefficient ͑Figs. 8 and 9͒ as well as the correlation found between ␥ and ␤ p ͑Fig. 11͒ are-at least qualitatively-in agreement with the prediction for renormalized Rouse models in general 46 and in particular for the simple theoretical approach proposed by Schweizer. 44 On the other hand, we do not observe signatures of reptation at the N-values here investigated N Շ 6N e . This is in agreement with the viscoelastic and diffusion measurements reported in Ref. 47 . In that paper it was shown that the normalized product of viscosity and self-diffusion coefficient was at 373 K almost constant for PEP samples with M w / M e Ͻ 6. It is worthy of remark that this result is in principle in agreement not only with simple Rouse model predictions but also with those from the renormalized Rouse model. 44 In contrast, reptation theory predicts an increasing function of N͑M w ͒. Finally, it would be interesting to check the applicability of the coarse-grained model here developed for describing real PEP behavior. To do that, the right magnitude to be considered is b 2 / eff because it should be independent of the level of coarse graining ͑see Sec. IV͒. In fact, the so-called Rouse Fig. 12 . This figure also includes two low temperature values of Wb 4 estimated from incoherent neutron scattering results on a PEP sample of M w Ӎ 20 000 g / mol. 36 From the simulation results reported here, we can also calculate Wb 4 as the large N / p-limit of W eff b 4 . In that regime both W eff ͑W 0 eff ͒ and b are basically constant. The values so obtained are also included in Fig. 12 . As W 0 eff ϳ N −0. 4 , the values estimated of Wb 4 slightly change with N ͑M w ͒. However, they perfectly agree in the average with the experimental value deduced from neutron scattering measurements at 492 K.
In any case, a direct comparison of the single chain dynamic structure factor calculated from the coarse-grained simulations and measured by neutron scattering on samples with the same molecular weight would be desirable. Figure  13 displays some preliminary results in this direction. This figure shows the normalized single chain dynamic structure factor S chain ͑Q , t͒ / S chain ͑Q ,0͒ at two low Q-values measured on a PEP sample with M w Ӎ 6000 g / mol in comparison with the same magnitude calculated from the coarse-grained simulations of B8 ͑M w = 5600 g / mol͒ sample. Data are represented in a linear time scale to emphasize the long time behavior. The agreement found seems to be rather good.
VI. SUMMARY AND CONCLUSIONS
In this work we have constructed a coarse-grained model of PEP starting from fully atomistic MD simulation results of a PEP cell containing 12 chains of 80 monomers each ͑M w = 5600 g / mol͒. In this way we were able to extend our simulations to higher molecular weights ͑M w ϳ 6M e ͒ and longer times. We want to stress that in our approach we started from the bottom, i.e., all coarse-grained parameters were determined from the atomistic simulation runs, which were previously validated by extensive neutron scattering measurements. Moreover, the results from coarse-grained simulations are in good agreement with experimental results available.
For all molecular weights ͑chain lengths͒ investigated, we observe deviations from Rouse behavior even when chain stiffness is considered in the Rouse model. These deviations become more evident as the length chain increases. We have shown that this behavior can be rationalized in terms of a mode-number ͑length-scale͒ dependent friction coefficient. The increase in this effective friction at the intermediate scales ͑b min Յ L Յ R g ͒ seems to be due to blob interactions other than those included in the intermolecular soft potential of mean force. They are accounted for in the model by means of the uncrossability algorithm. These interactions are at the end the reason for correlation among the forces acting upon a chain bead and thereby for the nonexponentiality of the Rouse correlators. However, it seems that in the molecular weight range here explored ͑M w Շ 6M e ͒ these effects still give not raise to reptation behavior but to a crossover regime between Rouse and reptation that can be understood, at least qualitatively, in terms of the so-called generalized Rouse models.
